Abstract -We explored direct dehydrative coupling of tetrahydro-2H-pyran-2,3-diol or a 1,2-dihydroxy sugar with various alcohols using a range of arylboronic acids. Among the catalysts, 2-borono-4-trifluoromethylbenzoic acid efficiently promoted acetalization of tetrahydro-2H-pyran-2,3-diol.
Scheme 1. New concept for glycosylation
To achieve this type of glycosylation (Scheme 2), we envisioned that the boronate ester D, generated from electron-deficient arylboronic acid B1 (X = electron withdrawing group) and 1,2-dihydroxy sugar A, this would also give G as the predominant product.
Scheme 2. Glycosylation of 1,2-dihydroxy sugar A catalyzed by arylboronic acids B1 and B2
Glycosylation of 1-hydroxy sugars usually requires a stoichiometric amount of dehydrating reagent, 4 and only a few catalytic dehydrative reactions have been reported. 5, 6 To date, the catalytic system compared with the reactions of 10a and 10b in acetonitrile. These results suggest that the ortho-carboxy group plays a crucial role in the synergistic activation of the anomeric C-O bond of the presumed boronate ester 2. This synergistic effect of boronic acid and carboxylic acid was further supported by the fact that neither dual catalysis with phenylboronic acid and benzoic acid nor use of meta-and para-substituted carboxylic acids 12 and 13 exhibited any catalytic activity.
Scheme 4. Screening of arylboronic acids for the acetalization of 1 and BnOH
To determine what type of active arylboronic acid, 9 or 10, was best for the acetalization, the reaction of 3,4,6-tri-O-benzyl-D-glucopyranose 3 with methanol in nitromethane was carried out in the presence of 9a, 9b, or 10b (Table 1) . Unexpectedly, the pre-prepared ferroceniumboronic acid 9a showed the best catalytic performance, producing a 69:31 mixture of α-14a and β-14a in 78% yield (entries 1-3). By contrast, both 9b and 10b resulted in low yields of a mixture of α/β-14a. Next, we examined the reaction using ferroceniumboronic acids 9a and 9b prepared in situ from ferroceneboronic acid 8 and silver salts (entries 4 and 5). Catalysts 9a and 9b led to slight and significant decreases in the yield, respectively, probably because of formation of short-lived chemical species. However, the yield of 14a improved to 82% and the reaction time decreased to 24 h when 20 mol% of AgSbF 6 was added to a solution of substrate 3, pre-catalyst 8, and methanol in nitromethane (entries 6 and 7). We evaluated the solvent Although further enhancement of α/β-selectivity is needed, we evaluated the scope of the nucleophile under the optimized conditions. The established reaction with 3 could be applied to several primary alcohols, such as ethanol, propargyl alcohol, and 4-chlorobenzyl alcohol, to give the corresponding glucosides 14b-d in 72%-88% yields with moderate α/β-selectivity (51:49 to 66:34) ( Table 2) .
Secondary alcohols such as 2-propanol and cyclohexanol were also introduced into diol 3, and gave the Table 2 . Scope of the nucleophile under the optimized conditions Although we obtained the corresponding glycosides 14a-g in reasonable yields, the α/β-selectivity was highly dependent on the alcohols used. To clarify the stereodetermining factor of the glycosylation, epimerization experiment of α-14e and β-14e was carried out under the optimized conditions (Scheme 5).
To our surprise, the same treatment of α-14e or β-14e with ferroceneboronic acid 8 and AgSbF 6 in the presence of 2 equiv of 2-propanol resulted in a mixture of α-14e and β-14e in a similar ratio. These results suggest that the two products, α-14 and β-14, are interconvertible under the conditions and that the α:β ratio is controlled thermodynamically. We suspect that any acidic species might be generated in the reaction mixture by the reaction of ferroceneboronic acid 8 and the silver salt.
Scheme 5. Epimerization experiment of α-14e and β-14e
In conclusion, we developed a new catalytic method for dehydrative acetalization of tetrahydro-2H-pyran-2,3-diol using highly electron-deficient boronic acid 9a and bifunctional arylboronic acid 10b. In addition, in situ generation of ferroceniumboronic acid 9a gave the best catalysis for dehydrative glycosylation. Catalytic dehydrative coupling of diol donor 3 and glucoside 15 was successfully applied to the synthesis of 1,6-linked disaccharide 14g, while both the yield and concentrations are quoted in grams per 100 mL. Unless otherwise noted, all materials and solvents were purchased from Tokyo Kasei Co., Aldrich Inc., and other commercial suppliers and were used without purification.
Preparation of starting materials
Compounds 1 
Formation of boronic esters (2 and 4) (Scheme 3)
The compound 1 (11.8 mg, 0.10 mmol) and phenylboronic acid (12.2 mg, 0.10 mmol) were dissolved in CDCl 3 (0.50 mL), respectively, and both solutions were mixed at room temperature. The resulting solution was transferred to a NMR tube for taking the following spectral data; 1 H NMR (500 MHz, 
Preparation of arylboronic acids (9 and 10)
Catalysts 6, 7, 8, and 10a are commercially available. The known catalysts 9a 8 and 10b 9 were prepared according to the reported procedure.
Ferroceniumboronic acid trifluoromethanesulfonate salt (9b):
The title compound (107 mg, 65%) was prepared as dark green solids by a similar method as described in the literature, 8 
General procedure for the synthesis of benzyl acetals (5) with arylboronic acids (6− −13) (Scheme 4)
Both cis-5 11 and trans-5 12 are known compounds, but their 13 C NMR spectral data have not been reported. Table 2 ): The reaction was performed according to method C for the synthesis of 14a, providing a mixture of α-14b and β-14b (34.5 mg, 72%, α:β = 51:49), starting from substrate 3 (45.1 mg, 0.10 mmol) and EtOH (17.5 µL, 0.30 mmol). The spectral data of β-14b were identical to the reported data of the authentic sample. Table 2 Table 2 The spectral data of the obtained products α-14e and β-14e were identical to the reported data of the authentic samples α-14e 17 and β-14e.
2-(Benzyloxy

Ethyl 3,4,6-tri-O-benzyl-D-glucopyranoside (14b) (Entry 1 in
Propargyl 3,4,6-tri-O-benzyl-D-glucopyranoside (14c) (Entry 2 in
4-Chlorobenzyl 3,4,6-tri-O-benzyl-D-glucopyranoside (14d) (Entry 3 in
14,17
Cyclohexyl 3,4,6-tri-O-benzyl-D-glucopyranoside (14f) (Entry 5 in Table 2 ): The reaction was performed according to method C for the synthesis of 14a, providing a mixture of α-14f and β-14f (30.8 mg, 58%, α:β = 74:26), starting from substrate 3 (45.1 mg, 0.10 mmol) and C 6 H 11 OH (31.7 µL, 0.30 mmol). The spectral data of the obtained products α-14f and β-14f were identical to the reported data of the authentic samples α-14f 13 and β-14f. Table 2 ): The reaction was performed according to method C for the synthesis of 14a, providing a mixture of α-14g and β-14g (46.6 mg, 52%, α:β = 50:50), starting from substrate 3 (45.1 mg, 0.10 mmol) and 15 (139 mg, 0.30 mmol). The spectral data of the obtained products α-14g and β-14g
were identical to the reported data of the authentic samples α-14g and β-14g.
18
The epimerization experiment of α-14e and β-14e (Scheme 5): To a solution of α-14e (24.6 mg, 50 µmol), 8 (1.1 mg, 5.0 µmol), and i-PrOH (7.7 µL, 0.10 mmol) in MeNO 2 (1.0 mL) was added AgSbF 6 (3.4 mg, 10 µmol) in a glove box, and the reaction mixture was stirred at 40 °C for 48 h. Then, the reaction mixture was concentrated at 30−35 °C. The crude was purified by column chromatography (hexane/EtOAc = 3:1) to give a mixture of α-14e and β-14e (21.5 mg, 87%, α:β = 73:27).
The reaction of β-14e (23.2 mg, 47 µmol) was performed in the same way, providing a mixture of α-14e
and β-14e (20.7 mg, 89%, α:β = 70:30).
